Several human pathogens bind and respond to host cytokines, which can be considered a virulence mechanism that communicates defensive actions of the host to the pathogen. This review summarizes the current knowledge of bacterial cytokine-binding proteins, with a particular focus on their functional and structural characteristics. Many bacterial cytokine-binding proteins function in the development of infection and inflammation and mediate adhesion to host cells, suggesting multiple roles in pathogenhost interactions. The regions of the bacterial proteins that interact with host cytokines can display structural similarities to other proteins involved in cytokine signaling. However, there appears to be no central shared structural themes for bacterial cytokine-binding proteins, and they appear to possess structures that are different from the cytokine receptors of the host. Atomic-level information regarding receptor-cytokine interactions is needed to be able to disrupt these interactions and to elucidate the specific consequences of cytokine binding in a pathogen and host.
Introduction
Certain bacteria, primarily opportunistic human pathogens, are able to bind host cytokines [1] [2] [3] [4] [5] [6] [7] and respond to them by increasing their growth, 1, 8, 9 forming biofilms 10, 11 or changing virulence characteristics. 5, 6, 12 Although this type of interkingdom signaling has been recognized for over 2 decades, 1 surprisingly few bacterial cytokine receptors have been identified to date.
2,4-7 However, the known bacterial cytokine-binding proteins represent a rather versatile group of proteins, including a channel-forming usher protein, 2 a gram-negative secretin, 6 an outer membrane pore protein, 5 a pilus subunit, 6 an intrinsically disordered outer membrane lipoprotein, 13 and a secreted protein displaying structural similarity to human cytokine receptors. 7 In addition to bacteria, viruses have also been reported to possess receptors for host cytokines (for a review, see ref. 14 ). However, some of the viral receptors are thought to be co-opted from the host genome, 15 thus representing a different protein family from the bacterial cytokine-binding proteins. The aim of this review is to provide an overview of the current knowledge of bacterial cytokinebinding proteins with a focus on their functional and structural characteristics. This analysis may help us understand the evolutionary development of this potential virulence feature of opportunistic pathogens and provide new insights into the development of novel anti-virulence agents that pose less selective pressure for antimicrobial resistance.
Channel-forming outer membrane proteins
Channel-forming outer membrane proteins (OMP) represent the oldest and the largest group of known bacterial cytokine-binding proteins (Fig. 1A) . The first identified bacterial protein that interacted with high affinity with human interleukin-1b was the capsule antigen F1 assembly (Caf1A) protein of Yersinia pestis.
2 Caf1A is an outer membrane usher protein that mediates the construction of the Caf1 fiber that forms the extracellular capsule.
the Caf1-Caf1M complex inhibited this binding to Caf1A, indicating a common binding site. 2 Thus, the IL1b binding site in Caf1A overlaps with the binding site of the Caf1 capsular protein, 2 which consists of the periplasmic N-terminal PapC domain of Caf1A 17 ( Fig. 1A) . However, it has not been studied whether the binding of IL-1b to Caf1A prevents the binding of Caf1 to the PapC domain of Caf1A and subsequent capsule formation. As the binding of IL-1b to Caf1A-expressing E. coli cells was determined using a radiolabeled ligand, 2 the method could not distinguish between extracellular and intracellular IL-1b. The N-terminal PapC domain of Caf1A is located in the periplasmic space, and it is thus possible that Y. pestis takes up the cytokine. As internalization of large intact host cytokines, such as the 17 kDa IL-1b (40 A in diameter), 21 may not be feasible, some researchers have hypothesized that the cytokines are first digested into smaller peptides before uptake. 8 Gram-negative bacteria are able to take up host peptides, such as cationic a-helical antimicrobial peptides, and internalize them with the help of conserved lipoprotein Lpp. 22 To obtain more specific information about the possible uptake of intact IL-1b, or its peptides, biotinylated cytokine or peptides can be used in combination with avidingold staining and transmission electron microscopy. The capsule antigen F1 is encoded by the 100-kb virulence plasmid pFra of Y. pestis, making it a unique feature of this species. 23 The majority of natural Y. pestis strains possess the caf operon, 24 indicating positive natural selection of F1 antigen. When considering the lifecycle of Y. pestis in its natural hosts (fleas and mammals), the caf operon is not essential for the transmission of the bacterium from fleas to mammals. 25 The operon enhances virulence after transmission through a flea bite but is not needed for the development of bubonic plague. 25 The F1 antigen, expressed at 37 C and secreted by Caf1A, forms a capsule around the pathogenic Y. pestis; the capsule inhibits adherence to macrophages, thus attenuating phagocytosis, 23 and inhibits adhesion to human airway epithelial cells. 26 Vaccination using F1 as the antigen protects mice against both bubonic and pneumonic plague, 27 yet the virulence potential of F1 appears to differ between different mouse strains. 28 Another bacterial outer membrane pore-forming protein that interacts with host cytokines, in this case IL-8 and TNF-a, is the secretin channel PilQ of Neisseria meningitidis. 6 Although the exact ligand-binding site of PilQ is not known, the membrane protein displays functional similarity with Caf1A as it has a role in the formation and secretion of PilE pilus fibers. 29 PilQ forms a pore consisting of 12 subunits. 30, 31 In one subunit, the interdomain space of the 2 N-terminal b-domains, which precede the N0 and N1 domains (Fig. 1A) , contains 4 to 7 copies of an octapeptide small basic repeat (SBR) sequence PAKQQAAA, which affects pilus expression efficiency. 29 As indicated by the name, the b-domains are rich in b-strands that stack together in sandwich structures. 31 PilQ interacts with the PilE subunit both with its N-terminal and C-terminal regions and responds dynamically to these interactions. 32 The PilQ secretin channel of N. meningitidis, which is involved in type IV pilus assembly, is differentially expressed depending on the surrounding host environment. 33 PilQ expression is increased in cerebrospinal fluid (CSF) compared with the expression levels in blood and the nasal mucosa. 33 Although less PilQ is expressed in the nasal mucosa than in the CSF, PilQ was shown to play a role in the adherence of N. meningitidis to a nasopharyngeal cell line. 33 Moreover, N. meningitidis seems to suppress phagocytosis by macrophages in a PilQ-dependent manner, whereas PilQ increases the susceptibility of the bacterium to complement-mediated killing. 33 N. meningitidis PilQ is also involved in the initial binding of the bacterium to the blood-brain barrier via interaction with the laminin receptor (LR). This interaction also involves another outer membrane pore-forming protein, PorA, as only DpilQDporA double mutants demonstrate significantly reduced binding to the LR. 34 The third OMP involved in the binding and response to cytokines is the nonspecific porin OprF of Pseudomonas aeruginosa. 5 This porin binds interferon (IFN)-g specifically, resulting in increased type I P. aeruginosa (PA-I) lectin expression, one of the major virulence factors of P. aeruginosa. 5 OprF has a slightly different conformation and function than Caf1A and PilQ. Unlike Caf1A and PilQ, it does not form multimers in the outer membrane but instead may adopt 2 alternate conformations: a closed form with a periplasmic C-terminal a-helix-rich domain (Fig. 1A) and an open form with one b-barrel-forming domain. 35 In addition to permitting the entrance of small ionic and polar molecules with a cutoff size smaller than 1.5 kDa, 36 OprF plays a role in adhesion to human lung epithelial cells, 37 biofilm development, 38 and the sensing of quorum sensing (QS) signals. 39 OprF is also involved in adhesion to and cytotoxicity against primary rat glial cells and immortalized human intestine cells, measured by LDH release. 39 Moreover, the DoprF strain has a reduced ability to kill Caenorhabditis elegans, which can be used as an infection model for P. aeruginosa. 39 The reduced cytotoxicity is due to the decreased expression levels of the type III secreted effector proteins ExoS and ExoT as well as virulence determinants, including exotoxin A, lectin PA-1L, pyocyanin and elastase. 39 OprF is also a potential vaccine antigen as it induced both systemic and lung immunity in mice. 40 
Proteins facing/in the extracellular space
In addition to channel-forming OMPs, 3 additional extracellular or extracellular space-facing bacterial proteins are involved in cytokine binding in some gram-negative species: one is an outer membrane lipoprotein, the second is secreted as a soluble protein, and the third forms type IV pili (Fig. 1B) . These bacterial proteins, namely, the Aggregatibacter actinomycetemcomitans bacterial interleukin receptor I (BilRI), Escherichia coli interleukin receptor mimic protein A (IrmA), and the PilE subunit of Neisseria meningitidis, share some functional similarities.
A. actinomycetemcomitans is an oral opportunistic pathogen that is also able to cross the blood-brain barrier and cause abscesses in the brain. 41 It possesses an outer membrane lipoprotein that interacts with various host cytokines in vitro, including IL-8, IL-1b, IL-10, TNF-a, TGF-1b, and IFN-g. 13 Unlike other bacterial cytokinebinding proteins identified thus far, the lipoprotein BilRI 4 does not have a stable 3-dimensional fold without a binding ligand. 13 In other words, BilRI is intrinsically disordered, which most likely accounts for its ability to bind multiple ligands. In addition to its outer membrane location, 4 BilRI has been identified in A. actinomycetemcomitans outer membrane vesicles, 42 which indicates that it may exert its function further away from the bacterial surface, as described below for IrmA.
The 3-dimensional structure of IrmA resembles the immunoglobulin (Ig)-like domain of fibronectin III and forms a stable dimer in solution after a domain swap (Fig. 1B) . 7 This dimer has structural similarity with the extracellular binding domains of human cytokine receptors IL-2R and IL-4R and to lesser extent with IL-10R. Indeed, IrmA has been shown to interact with the corresponding cytokines IL-2, IL-4 and IL-10. 7 Typically, the structural conformation involved in the formation of the IrmA dimer is more common in the formation of fibers such as those in the Ig-fold of fimbrial subunits. 43 The extracellular protein IrmA was first identified in studies seeking novel vaccine antigens to protect against E. coli sepsis in mice. 44 Later, it was found that IrmA is regulated by the stress response protein OxyR, which represses the transcription of IrmA together with biofilm-associated antigen in uropathogenic E. coli (UPEC). 7 The amino acid sequence of IrmA is conserved, with 97% identity between strains, and the gene encoding IrmA can be found in most sequenced UPEC strains. 7 The fact that the serum of urosepsis patients infected with IrmA-positive UPEC strains has higher levels of IrmA-specific antibodies than the serum of healthy controls shows that IrmA has immunogenic potential in vivo. 7 The type IV pili of N. meningitidis are composed of PilE subunits (Fig. 1B) , which associate via interactions between different globular domains, between the long a-helixes, and between adjacent a-helixes and the globular domains. 45 This differs slightly from the formation of the Caf1 fiber, in which the b-strand of one subunit complements the incomplete Ig-fold of the adjacent subunit, 46 resembling the formation of IrmA dimer. However, the 3-dimensional structure of the PilE peptide backbone (Fig. 1B) may not be critical for the binding of host cytokines IL-8 and TNF-a to the pili as glycosylation of the pili was shown to play an important role in pilus interactions with cytokines that resemble lectins. 6 Type IV pili are also involved in the crossing of the blood-brain barrier by N. meningitidis. 47, 48 During this central event in bacterial meningitis, type IV pili interact with 2 host proteins, namely, the endothelial receptors CD147 when adhering the host cells 47 and b2 adrenergic receptor (b2AR) when inducing endothelial cell signaling needed for the disruption of the blood-brain barrier. 48 The approximately 20 amino acid long surfaceexposed hypervariable region of the PilE subunit plays a role in these interactions with the host endothelial cells. 49 The glycosylated sites, which are most likely involved in the interaction with the host cytokines IL-8 and TNF-a, are located on the opposite site of the globular domain of PilE.
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Role of bacterial cytokine-binding proteins in cytokine sensing N. meningitidis PilQ is involved in internalization of IL-8 and TNF-a by the bacterium, which leads to altered expression of approximately 20% and 45% of the bacterial genome, respectively. 6 These cytokines affect expression of proteins involved in cell membrane formation and function, bacterial survival and energy metabolism, indicating potential changes in bacterial virulence, such as resistance to complement killing. 6 If PilQ functions as a channel for cytokine entry into the cell, the glycosylated PilE protein, which polymerizes to form the pili and mediates twitching motility, could guide the cytokines into the cell. Although the 3-dimensional structures of the PilQ channel 31 and PilE pili 45 respectively. Thus, both of these cytokines can fit in the PilQ channel, which has a cavity of 55 A in diameter. 31 When internalized by N. meningitidis, TNF-a binds genomic DNA at several sites, including the promoter regions of PptB transferase (pptB), which modifies type 4 pili, adhesion and penetration protein (app) and meningococcal serine protease A (mspa), thereby increasing their expression. 6 N. meningitidis mutants unable to express PilQ or glycosylated PilE result in reduced mortality in infected mice, though they can stimulate expression of host cytokines. 6 Because the expression levels of pptB, app and mspa were lower in the mutant strains, the authors concluded that the enhanced animal survival observed was due to impaired response of the pathogen to host cytokines. 6 However, glycosylation of PilE, the smallest difference between the wild type and mutant strains, might have roles in the virulence of N. meningitidis other than with regard to efficient binding of host cytokines. Thus, more specific information about atomic-level interactions between the cytokines and bacterial proteins is needed to identify ways to explicitly inhibit these interactions and to study the role of cytokine sensing in bacterial virulence.
When the opportunistic human pathogen P. aeruginosa binds IFN-g with its OM OprF porin protein, PA-I lectin expression is induced to levels comparable to the activation potential of the QS signal C 4 -homoserine lactone (C 4 -HSL). 5 A link between the QS system and IFN-g sensing was identified by the observation that exposure to IFN-g led to rhlI gene expression and increased production of C 4 -HSL. When IFN-g activated the QS system, it also enhanced the production of virulence factor pyocyanin, 5 a secondary metabolite, which most likely is required for the full virulence of P. aeruginosa in lung infections. 52 Although OprF forms a pore in the outer membrane, it seemingly does not function as a channel for IFN-g entry into the bacterial cells, as only the membrane fraction of P. aeruginosa and not the soluble cytosolic fraction interacted with IFN-g. 5 Moreover, IFN-g was the only cytokine that bound to the P. aeruginosa membrane and induced the production of PA-I lectin, 5 a central virulence determinant, which increases the toxicity of P. aeruginosa exotoxins in experimental gut-derived sepsis, impairing the function of epithelial cells. 53 Because the secreted cytokine-binding protein IrmA of E. coli interacts and sequesters its ligands IL-2, IL-4, and possibly also IL-10 in the extracellular environment, 7 it is likely that this bacterial cytokine receptor does not mediate any signaling in the bacterial cells. However, IrmA may interfere with the proper cytokine immune defense function in the host. The main functions of the major cytokine ligands of IrmA (IL-2 and IL-4) are related to the production of antibodies, maturation of regulatory T-cells and proliferation and differentiation of natural killer cells (for reviews, see refs. 54, 55 ). However, the effects of IrmA on host immune defense have not been studied in an infection model.
The first characterized bacterial cytokine receptor, Caf1A, was identified using recombinant protein techniques with heterologous expression in E. coli.
2 Thus, the cytokine-sensing functions of Caf1A in its natural environment in the outer membrane of Y. pestis as well as the effects of IL-1b on the physiology of the host bacteria remain to be studied. However, as stated earlier in this , and (D) the N0 domain of PilQ compared with human granulocyte macrophage colony stimulating factor receptor (GM-CSF) (PDB:5D71) are shown. Superimpositions were performed using the secondary-structure matching (SSM) tool in Coot. 59 The figures were prepared with PyMol (www.pymol.org).
review, the periplasmic location of the IL-1b interaction site of Caf1A in the outer membrane of Y. pestis suggests that Caf1A participates in the internalization of the cytokine, similar to PilQ in N. meningitidis.
6

Structural comparisons of bacterial cytokine receptors
The bacterial cytokine-binding proteins for which structures are available are structurally diverse and show no general structural similarity (Fig. 1) . This is not surprising, as a majority binds structurally different cytokines. It should be noted that when specifically comparing the PilE and PilQ proteins of N. meningitidis, which are reported to bind to similar cytokines, no structural similarity was detected. This comparison is naturally limited to the domains of the PilQ protein that have been structurally characterized. However, no significant sequence similarity is observed between PilE and any part of the PilQ protein, consistent with the lack of structural similarity. One central question regarding inter-kingdom (host-pathogen) signaling or protein-protein interactions is whether the proteins involved are evolutionarily related and, if so, in what way. As structure is generally more conserved than sequence, we sought to investigate whether bacterial cytokine-binding proteins show structural similarities to canonical cytokine receptors or proteins otherwise involved in cytokine signaling. To investigate this question, we searched for structural similarities between the bacterial cytokine-binding proteins and proteins involved in signaling for which high-resolution structures are available. Searches were performed using the protein structure comparison service PDBeFold at the European Bioinformatics Institute (http:// www.ebi.ac.uk/msd-srv/ssm) 56 against a set of approximately 2000 PDB entries of cytokine-related structures. Interestingly, no strong or highly significant structural similarities were identified. This observation suggests a relationship that is not direct, at least with regard to relatively recent horizontal gene transfer. However, 4 of the bacterial proteins displayed weak structural similarities to cytokine-related proteins (Fig. 2) . IrmA shows structural similarity to the N-terminal Ig-fold domain of the b-domain of IL-2R (PDB:2B5I) despite a low sequence similarity ( Fig. 2A) , and the C-terminal periplasmic domain of OprF 35 shows some structural similarity to macrophage migration inhibitory factor (MIF) (PDB:4P7M), which is a broadly expressed pro-inflammatory cytokine (note that in this example the bacterial protein is actually similar to a cytokine and not a cytokine receptor) (Fig. 2B) . Moreover, the N-terminal PapC domain of Caf1A shows some similarity to transcription elongation factor b polypeptide 2 (TCEB2) (PDB:2IZV) (Fig. 2C) , and the N0 domain of PilQ is partially similar to human granulocyte macrophage colony-stimulating factor receptor (GM-CSF) (PDB:5D71), a known (CD116; Fig. 2D ). As mentioned above, the identified structural similarities are very weak, and it remains to be determined whether these similarities are also reflected in target binding geometries. However, only IL-2R interacts with the same binding ligand, i.e., IL-2, as the structurally similar bacterial protein IrmA. MIF, which shares some structural characteristics with IFN-g binding OprF, interacts with human CXCR2, CXCR4 and DC74 receptors (for a review, see ref. 57 ), without any known linkage to IFN-g. Moreover, the intracellular TCEB2 or GM-CSF receptor is not known to interact with IL-1b, similar to the N-terminal PapC domain of Caf1A, or with IL-8 and TNF-1a, as with the N0 domain of PilQ, respectively.
Conclusions
The cytokine-sequestering capacity of individual bacterial cells has not been studied in detail. The E. coli cells producing functional recombinant proteins of a major fraction of the Y. pestis f1 operon, i.e., Caf1M, Caf1 and Caf1A, shows approximately 10 4 IL-1b binding sites per cell, 2 yet information about the endogenous cytokinebinding capacity of different pathogens as well as the bacterial cytokine-sequestering efficiency is still missing. Atomic-level information about cytokine-bacterial protein interactions is needed to specifically disturb cytokine binding, which can be achieved, for instance, by producing bacterial strains harboring protein variants devoid of cytokine-binding capacity. Such modified strains can be used in infection models to shed light on the question of whether cytokine binding also affects host defense. Although we described in this review only bacterial proteins that interact directly with host cytokines, various pathogens, such as Neisseria, Yersinia and Staphylococcus species possess indirect methods of binding host chemokines. These pathogens have the ability to bind heparin and other sulfated polysaccharides, which in turn can sequester various host heparin-binding molecules, including IFN-g, monocyte chemotactic protein 3 and macrophage inflammatory protein 1a. 58 In these cases sequestering of chemokines has been shown to decrease chemokine-induced chemotaxis and increase the invasion potential of the pathogens. 58 It is likely that the cytokine-binding capacity of individual cells varies widely in a bacterial cell population, as indicated by earlier studies, 5, 6 and this could be the normal situation, especially in bacterial biofilms. In addition to limited data regarding the cytokine-sequestering capacity of individual bacterial cells, surprisingly little is known about the cytokine-binding affinities of bacterial proteins. However, this could be easily studied if soluble recombinant bacterial proteins are available. Currently, various research methods can be exploited, starting from traditional microplate assays combined with cytokinespecific antibodies to more sophisticated methods, such as surface plasmon resonance, isothermal titration calorimetry and microscale thermophoresis.
Earlier studies aimed at elucidating the role of cytokine-binding proteins in the virulence of the bacterial pathogens have revealed functions related to the development of infection and inflammation (Table 1) . Many bacterial cytokine-binding proteins are able to adhere to various host cells, including the binding necessary for crossing the blood-brain barrier, suggesting there are multiple roles for these bacterial proteins in pathogenhost interactions. Due to the relatively young age of the host cytokine-sensing field as mode of an interkingdom signaling as well as the narrow scope of the studied bacterial species, the clinical significance of host cytokinebinding as a biologic phenomenon requires more detailed studies in infection models. In a few cases, the regions of the bacterial proteins that interact with host cytokines display structural similarities with other proteins involved in canonical cytokine signaling. Whether this similarity is due to divergent or convergent evolution or due to the use of commonly used folds, such as the immunoglobulin fold, is currently unknown. However, there appear to be no central common structural themes for bacterial cytokine-binding proteins (Fig. 1) , and they appear to include structures that are different from native cytokine receptors. This provides an interesting starting point for studying the evolution and function of inter-kingdom cytokine signaling. In particular, structures of complexes between bacterial cytokine-binding proteins and their interacting cytokines would be particularly informative. Atomic-level information about such interactions is needed to be able to disrupt these interactions and elucidate the specific consequences of cytokine binding to a pathogen and host. This is exceptionally important, as cytokine-binding bacterial proteins appear to have versatile roles in the virulence of pathogens.
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